N-WASP is a particularly good candidate for mediat-
Results ing the effects of Cdc42 on the cytoskeleton because it can interact with a Cdc42 mutant (Y40C) that still N-WASP Is Required for Cdc42-Induced Actin Polymerization in Xenopus Egg Extracts induces filopodia but which cannot bind to a variety of other targets, including WASP (Miki et al., 1998a). In
We have previously described the reconstitution of Cdc42-stimulated actin assembly in high-speed superaddition, dominant-negative mutations in N-WASP block Cdc42-induced filopodium formation, and wild-type natants from Xenopus egg extracts ("Xenopus HSS" or "Xenopus extract" in the rest of the text) (Ma et al., N-WASP potentiates Cdc42-induced microspike formation (Miki et al., 1998a). Finally, in search for other com1998a). The kinetics of actin polymerization can be monitored by supplementing the extracts with pyrene actin, a ponents (Ma et al., 1998b) required for Cdc42-induced actin assembly in vitro, we found that N-WASP partially fluorescent derivative of actin that exhibits much higher fluorescence intensity when actin is assembled into filacopurified with MCAP2 (mediator of Cdc42-induced actin polymerization; unpublished observation).
ments. Using this cell-free system, we have demonstrated a requirement for the Arp2/3 complex in Cdc42-We show here that N-WASP can activate the Arp2/3 complex to stimulate actin polymerization in vitro using induced actin polymerization (Ma et al., 1998b) . In order to test the requirement for N-WASP in this purified components. This N-WASP-Arp2/3 interaction is also required for Cdc42-stimulated actin assembly in system, we raised a polyclonal rabbit antiserum against a full-length, recombinant rat N-WASP protein that is Xenopus egg extracts. Although full-length N-WASP is only weakly active, a C-terminal fragment confers a dra-Ͼ90% identical to the bovine and human forms. After affinity purification, the antibody detected a single ‫56ف‬ matic 30-fold acceleration of actin assembly kinetics. The activity of full-length N-WASP can be increased to kDa band in Xenopus extracts on immunoblots and also immunoprecipitated it ( Figure 1B ). Using this affinitylevels similar to the C-terminal fragment in the presence of two putative regulators of N-WASP, Cdc42 and purified antibody, we immunodepleted Ͼ95% of N-WASP from Xenopus HSS ( Figure 1B ). The depletion of N-WASP PI(4,5)P 2 . Thus, the N-WASP-Arp2/3 interaction seems to be a critical link in Cdc42-dependant signaling patheliminates the ability of the extract to support Cdc42-stimulated actin polymerization ( Figure 1C ). The activity ways that control actin assembly. 
, 1998). Adding
Components In Vitro back increasing amounts of N-WASP leads to a doseSince we had identified requirements for both N-WASP dependant increase both in the initial rate and in the and the Arp2/3 complex in Cdc42-induced actin assemfinal level of actin polymerization induced by a fixed bly, we wanted to determine whether N-WASP could amount of Cdc42 ( Figure 1D) . synergize with the Arp2/3 complex to accelerate actin The specificity of the add-back experiment was tested polymerization as observed for the ActA protein of Listeusing two previously characterized mutants of N-WASP, ria (Welch et al., 1998). For these assays, we used the H208D and ⌬cof ( Figure 1A ). H208D cannot bind to Arp2/3 complex purified from bovine brain extracts (FigCdc42 due to a point mutation in its Cdc42-binding ure 2A). When we used pyrene actin fluorescence to domain and does not potentiate Cdc42-induced filomonitor actin assembly in the presence of either pure podia formation when introduced into cells (Miki et al., N-WASP or pure Arp2/3 complex, the kinetics of assem1998a). ⌬cof, containing a four-amino acid deletion in bly were not significantly different from those of actin the C domain of N-WASP, does not induce actin reorgaalone ( Figure 2B) . Actin assembly kinetics demonstrate nization when overexpressed in Cos-7 cells and acts in an initial lag phase, reflecting the kinetic barrier to nuclea dominant-negative fashion to block Cdc42-induced ation, followed by a rapid, linear phase during which filopodium formation (Miki et al., 1998a). In Xenopus filaments elongate by monomer addition. In the pres-HSS depleted of N-WASP, these mutants cannot rescue ence of both Arp2/3 and N-WASP, the slope of the elonCdc42-induced actin assembly even when added back gation phase is increased by ‫-4ف‬fold and the lag phase at concentrations 20-fold above the wild-type protein is shortened, although not completely eliminated ( Figure  (Figure 1E ). These results show that regions of N-WASP 2B). Addition of increasing amounts of N-WASP to a implicated in interactions with both upstream regulators fixed concentration of Arp2/3 caused a dose-dependant (Cdc42) and downstream targets are necessary for its acceleration of actin polymerization ( Figure 5C ). ability to support Cdc42-induced actin assembly in
The ⌬cof mutant described above does not accelerate actin assembly in the presence of the Arp2/3 complex Xenopus HSS. Figure 1E) . Unexpectedly, the H208D mutant, We expressed and purified GST fusion proteins containing various portions of this VCA region (diagrammed which has only one point mutation in the GBD domain, does not accelerate actin assembly (data not shown),
in Figure 3A ) and tested their abilities to interact with the Arp2/3 complex in a GST pull-down assay. The complex suggesting that this mutation leads to defects in functions other than just Cdc42 binding.
bound to GST-CA and GST-VCA but not to GST, GST-V, and GST-VC ( Figure 3B ). As a control, the fragments were tested for binding to G-actin and, as expected, the The C Terminus of N-WASP Strongly Accelerates Arp2/3-Mediated Actin Assembly presence of the V domain perfectly correlated with this property ( Figure 3B ). We conclude that the C-terminal To define the region of N-WASP required for activity, we concentrated on a C-terminal region of N-WASP 55 amino acids of N-WASP (450-505) are necessary and sufficient to bind to the Arp2/3 complex and that the (amino acids 392-505), which contains a G-actin-binding V domain, a cofilin homology sequence (C), and an ability to bind G-actin through the V domain is not required. We were unable to detect any interaction beacidic segment ( protein to accelerate actin polymerization. When the N-WASP-Arp2/3 interaction ( Figure 3E ). When this model was tested using purified components, GST-CA purified fragments were mixed with pure Arp2/3 complex, only the GST-VCA fusion protein accelerated as-(but not GST-V, GST-VC, or GST) inhibits the ability of both full-length N-WASP and the GST-VCA fragment to sembly kinetics, shortening the lag phase and increasing the elongation rate by 30-fold ( Figure 3C ). Figure 3D stimulate actin polymerization in the presence of the Arp2/3 complex ( Figures 4A and 4B ). clearly shows that the GST-VCA fragment shortens the lag phase to polymerization in a dose-dependent man-
The efficacy of the GST-CA fragment as a dominant negative was tested in Xenopus HSS for its effects on ner, suggesting that it can lower the kinetic barrier to nucleation. These effects are dependent on the presCdc42-induced actin assembly. When used in extracts at concentrations roughly equivalent to the estimated ence of the Arp2/3 complex and can be inhibited by cytochalasin D (data not shown). The GST-V, GST-VC, endogenous Arp2/3 concentration ‫003-001ف(‬ nM), GST-CA specifically inhibited Cdc42-induced actin assembly and GST-CA fragments have no effect, even when used at 4-fold higher concentrations ( Figure 3C ). The GST-( Figures 4C and 4D ). This result strongly suggests that the kind of interaction between N-WASP and the Arp2/3 VCA fragment is both much more potent and effective in stimulating actin polymerization when compared to complex that we have observed using purified components in vitro is also required for Cdc42-induced actin the full-length N-WASP, a point we will return to later.
Thus, the requirements for binding to the Arp2/3 compolymerization in a more complete and physiological system. plex are different from the requirements for activation, as summarized in Figure 3E . Figure 2) . However, when the Arp2/3 complex but cannot activate it suggests that it can be used as a competitive inhibitor to block the added to Xenopus HSS at concentrations (400 nM) as Figure 5A ). To test whether this difference in the behavior of N-WASP in the purified system VCA fragment, a large difference in activity was observed: 10 nM GST-VCA stimulates polymerization in vitro far compared to the extract is due to inhibitory factors that interact with its N terminus, we added the GST-VCA more effectively than 200 nM N-WASP ( Figure 5B ).
To obtain a more quantitative measure of the activity fragment to Xenopus HSS. We reasoned that GST-VCA would bypass the Cdc42 requirement and act in a domidifference between full-length N-WASP and the GST-VCA fragment, we generated dose-response curves for nant active fashion in the extract. Indeed, when GST-VCA was added to the HSS (in the absence of any actiboth proteins, using elongation rates as an indicator of activation ( Figure 5C ). The concentration required for vated Cdc42) even at very low concentrations, actin polymerization was dramatically stimulated: the effect half maximal activation is ‫052ف‬ nM for the full-length protein and ‫2ف‬ nM for GST-VCA ( Figure 5C ). Based on of 1 nM GST-VCA was comparable to that of 800 nM N-WASP ( Figure 5A ). This observation suggests that elongation rates, the C-terminal VCA domain is at least 100 times more potent than full-length N-WASP. This N-WASP is regulated in extracts, a property that is conferred by the N terminus of the molecule. potency difference is also demonstrated by the ‫-02ف‬ fold higher molar ratio of GST-CA needed to inhibit GSTHow might the activity of N-WASP be regulated? It has been proposed that N-WASP is intrinsically inhibited VCA compared to the full-length protein ( Figures 4A and  4B ). The efficacy of GST-VCA at inducing actin polymerand is activated when the VCA region is unmasked, perhaps by the binding of upstream regulators to the N ization is also about 5-fold higher than that of N-WASP ( Figure 5C ). The difference in activity between GST-VCA terminus (Miki et al., 1998a) . This model predicts a large Figures 2 and 3) . and D'Souza, 1997), the pathways that connect them to Other than activation of nucleation, these kinetic changes actin polymerization have been difficult to delineate. In in actin assembly could be produced by filament sevthis paper, we have demonstrated one such pathway in ering or an increased rate of elongation. We can essenvitro, using both a cell-free system and purified compotially rule out both these alternative explanations benents. We have shown that the Arp2/3 complex, required cause we failed to detect any significant severing activity for actin nucleation in a variety of systems, is regulated or any change in the elongation rate of actin filaments by N-WASP. This interaction mediates Cdc42-induced in the presence of N-WASP, the Arp2/3 complex, or both actin polymerization in extracts and can be modulated (data not shown). Although ActA and N-WASP share no significant sequence homology, they do share a short by both PI(4,5)P 2 and Cdc42. et al., 1996) . The VCA fragment was cleaved from Pyrene actin was used to follow actin polymerization in Xenopus GST-VCA on glutathione-Sepharose beads using Factor Xa (Pharextracts as described previously (Ma et al., 1998b) . Polymerization macia), and the Factor Xa was separated from VCA using Benzamiwas initiated by adding GTP␥S-charged GST-Cdc42 at a concentradine Sepharose (Pharmacia). tion of 250 nM (unless otherwise noted). All proteins were quantitated by the Bradford assay (Bio-Rad, To follow actin polymerization using purified components, pyrene Hercules, CA) or by scanning densitometry of Gelcode Blue (Coo-G-actin or unlabeled G-actin was isolated by incubating freshly massie G-250) stained gels, using BSA as a standard in both cases. at time ϭ 0; the curves are shifted along the abscissa to account Full-length, Sf9-expressed rat N-WASP purified according to the for the delay time between the addition of actin and the first fluoresprocedures given above was used to raise antisera in rabbits (Zymed cence reading. Labs, South San Francisco, CA). The antibodies were affinity purified
The curves shown in Figure 2B indicate an increase in the steadyessentially as described (Harlow and Lane, 1988).
state pyrene fluorescence in the presence of both Arp2/3 and Anti-Arp2 serum was generated by injecting rabbits (Zymed) with N-WASP. This is not due to a change in filaments mass at steady a Maltose-binding protein (MBP) fusion of human Arp2, which was state because the addition of phalloidin after the steady state is expressed in E. coli and purified on an amylose affinity column (New reached did not change the signal (data not shown). In cases where England Biolabs, Beverly, MA). The specificity of the antiserum was a clear steady state was attained, steady-state signals have been confirmed by its ability to recognize (when used for immunoblotting) normalized to avoid underestimating the slopes of the control the Arp2 subunit from the purified bovine Arp2/3 described below.
curves.
Purification of the Arp2/3 Complex from Bovine Brain Extracts
Data Analysis The Arp2/3 complex was purified from bovine brain extracts by All kinetic analyses were performed using either the software promodifying a previously described protocol for the purification of vided with the fluorescence spectrometer (SLM-Aminco) or using Arp2/3 from Xenopus egg extracts (Ma et al., 1998b). High-speed Origin (Microcal Software, Northampton, MA). Maximum elongation extracts from calf brain were sequentially fractionated on Butyl rates from the polymerization curves using the purified system have Sepharose, DEAE Sepharose, S Sepharose, Phenyl Sepharose, and been calculated by performing a linear regression on the linear, Superdex 200 columns, and the Arp2/3 complex was followed by elongation phase of the actin assembly curve. For pyrene assays immunoblotting with anti-Arp3 or anti-p34ARC. The bovine complex in extracts, the initial rate and the maximum F-actin were calculated runs as a symmetric peak at the expected ‫002ف(‬ kDa) molecular as described previously (Ma et al., 1998a). In all the curves shown weight on a gel filtration column and contains all seven polypeptide in the figures, solid lines are drawn through all the data points subunits (Figure 2A) . The identities of four of these polypeptides collected; a symbol is only placed on every fifth or tenth point for (Arp2, Arp3, p41-ARC, and p34-ARC) were confirmed by immuclarity. All data shown in the figures were taken from experiments noblotting. The bovine complex is also functional because it can performed at least twice. When normalized to controls, data varied support Cdc42-induced actin assembly when substituted for a Xenby Յ20% between independent experiments. opus Arp2/3-containing fraction (Ma et al., 1998b).
Immunodepletion

